Introduction {#S1}
============

The clinical management of acute myeloid leukemia (AML) relies on aggressive chemotherapy, followed by allogeneic stem cell transplantation (SCT). Although the post-chemotherapy complete remission (CR) rate ranges from 60 to 85% in younger patients, the disease relapse is still very high, thus reducing overall survival (OS) to 40%. Of note, the prognosis of elderly patients is particularly poor with an OS of about 10%. Such a particular dismal clinical outcome is due to an increase in unfavorable biological features, which reduces the CR rate and, whenever CR is obtained, to the inability to undergo post-CR consolidation programs, including SCT, due to co-morbidities. In the attempt to improve AML clinical outcome, novel regimens and targeted therapies have been proposed in the last few years but the clinical results have proven limited. In particular, a minimal residual disease (MRD), resistant to further treatments, often persists after induction chemotherapy. In that context, the use of an immunological approach to target MRD may significantly impact on the eradication of disease. The proof-of-principle of the capacity of immune cells to eradicate MRD derives from the results of allogeneic SCT, which clearly represents an option for relapse prevention. In particular, the critical role of natural killer (NK) cells as key players in AML prevention and eradication has been clearly established, especially in the context of haploidentical SCT. However, the SCT approach has important limitations and is not applicable to all patients. For these reasons, it is conceivable to exploit the anti-leukemia potential of NK cells outside the transplantation setting as adoptive immunotherapy.

NK Cells: Biological Pills {#S2}
==========================

Within allogeneic SCT, donor lymphocytes recognize and destroy the recipient's residual leukemic cells. The demonstration that this process, known as graft versus leukemia (GvL) effect, plays a major role in the therapeutic effect of SCT has led to the development of novel strategies of adoptive immunotherapy before and after SCT ([@B1]). Although most of the data refer to allogeneic T cells as GvL mediators, it is known that other subsets of circulating lymphocytes, such as NK cells, may significantly act as effector cells against leukemia in the post-transplantation setting. NK cells are defined by the expression of CD56 and CD16 and by the absence of the T-cell marker, CD3. NK cells are involved in the innate immune response and in cancer immunosurveillance, where they kill transformed tumors in a major histocompatibility complex (MHC)-unrestricted manner ([@B2]). NK cells originate from the bone marrow (BM) and then home to secondary lymphoid tissues. They account for 10--15% of peripheral blood lymphocytes and their activity depends on the expression on their surface of several activating and inhibitory receptors that recognize MHC class-I molecules (Figure [1](#F1){ref-type="fig"}A); the most notable inhibitory receptors are named killer cell immunoglobulin-like receptors (KIRs), which recognize allotypic determinants within certain groups of HLA class-I alleles. The lack of expression of the specific HLA class-I allele by allogeneic target cells allows KIRs to sense the absence of the self class-I KIR-ligand (KIR-L), thus mediating NK alloreactivity. Indeed, the engagement of these NK cell receptors results in stimulation or inhibition of NK cell effector function. KIR genes are closely packed in the leukocyte receptor complex on chromosome 19q13.4 and are inherited as haplotypes. Two distinct KIR haplotypes have been identified. Group A haplotypes encode inhibitory KIRs and have a fixed gene content, whereas group B haplotypes are variable in number and combination. NK cells become functionally competent only after they encounter self-HLA molecules during a process named licensing or NK cell education. About 10--20% of NK cells remain unlicensed and are hypo-responsive. Recently, other inhibitory receptors on NK cells have been identified, such as CD94/NKG2A receptors, that recognize a non-classic MHC class-I molecule (HLA-E). CD94/NKG2A continuously recycles from the cell surface through endosomal compartments, thus facilitating its inhibitory capacity ([@B3]). NK cells can also express activating forms of KIRs and the activating receptor CD94/NKG2C that interact with the same HLA molecules as their inhibitory counterparts. Other activating receptors include natural cytotoxicity receptors (NKp46, NKp30, NKp44), DNAM-1 that interacts with CD112 and CD155, and NKG2D, which recognizes ligands, up-regulated during cellular stress, such as tumor transformation and viral infections ([@B4]). In addition, CD16 (FcgammaRIIIA) triggers antibody-dependent cellular cytotoxicity on opsonized target cells, including tumor cells. Integrins also play a central role in mediating adhesion to target cells and degranulation ([@B4]).

![**(A)** Receptors and ligand involved in NK cell-mediated cytotoxicity. **(B)** Percentage of long-term CR patients after NK cell infusion. Thirteen AML patients, five with active disease, two in molecular relapse, and six in morphological complete remission (CR) were treated with alloreactive NK cells, after fludarabine/cyclophosphamide immunosuppressive chemotherapy. Only one of the five patients with active disease achieved transient CR, whereas the other four patients had no clinical benefit. On the contrary, five out of eight patients showed a response, which in some cases was long-lasting CR \[adapted from Curti et al. ([@B5])\].](fimmu-06-00479-g001){#F1}

NK Cell Alloreactivity in Allogeneic SCT {#S3}
========================================

Haploidentical hematopoietic SCT {#S3-1}
--------------------------------

Although autologous NK cell activity is usually impaired in cancer patients ([@B6]), allogeneic alloreactive NK cells from healthy donors have been shown to exert important effector cell function and could be safely infused in cancer patients without side effects ([@B7]). In particular, within the setting of allogeneic SCT, the KIR-L incompatibility between donor and recipient in the GvL direction has been demonstrated to enhance the anti-cancer efficacy of NK cells, thus providing a novel and successful platform for anti-tumor immunotherapy. In the setting of T-cell-depleted haploidentical KIR-L mismatched SCT, we demonstrated that NK cell alloreactivity mediates a powerful and protective GvL effect, which is dissociated from Graft versus Host Disease (GvHD) ([@B8]). Indeed, early after T-cell-depleted transplantation, the reconstituted NK cells represent the predominant lymphoid cell population and the hematopoietic stem cells gave origin to an NK cell repertoire, which is identical to the donor one ([@B8]--[@B10]). Of note, the GvL activity of donor NK cells is triggered when the donor's KIRs and the recipient's HLA class-I molecules are incompatible, and consequently when inhibitory signals in the recipient are lacking. Preliminary studies in preclinical models demonstrated that human alloreactive NK clones, infused into NOD/SCID mice, previously engrafted with human AML cells, are capable of clearing leukemia cells and improving survival. These preclinical data on the impact of donor NK cell alloreactivity were confirmed in a series of more than 112 AML patients transplanted with haploidentical donors. Patients were divided in two subgroups, according to KIR-L incompatibility in the GvH direction. In the group with KIR-L incompatibility a significantly reduced relapse rate was observed. Moreover, 5-year event-free survival was 5% in contrast to 60% observed in the group without KIR-L incompatibility, thus demonstrating that KIR-L incompatibility is the only independent predictive factor for survival in AML patients. Furthermore, alloreactive mismatched NK cells facilitated hematopoietic engraftment after infusion of haploidentical stem cells and inhibited GvHD by killing host antigen-presenting cells ([@B9]). Of note, in our adult cohort of transplanted patients, NK cell alloreactivity was not efficient in preventing disease relapse of acute lymphoblastic leukemia (ALL). In contrast, in a group of pediatric leukemia patients, including ALL, undergoing haploidentical SCT, Pende et al. showed the beneficial role of activating KIRs and donor NK cell alloreactivity ([@B11]). Other clinical studies support the protective role of alloreactive NK cells in the haploidentical SCT setting. Stern et al. showed the results of a phase II multicenter study in which purified NK cells were administered pre-emptively in recipients of T-cell-depleted haploidentical SCT. Sixteen young patients with high-risk leukemia or highly malignant solid tumors were included in this protocol and received NK-donor lymphocyte infusions (DLI) on days 40 and 100 after transplantation. This study demonstrated the feasibility of the procedure. However, as a consequence of contaminating T cells in NK-DLI cell preparation, the trial showed a high incidence of acute GvHD, whereas the anti-leukemic activity appeared to be very limited ([@B12]). The use of allogeneic donor NK cells instead of autologous NK cells for cancer therapy has been recently reported. Several groups have explored allogeneic NK cells for the treatment of relapse following HLA-haploidentical SCT. Interestingly, GvHD did not occur. Some groups have infused activated, expanded donor NK cells in patients early after allogeneic SCT. Table [1](#T1){ref-type="table"} summarizes clinical trials with allogeneic NK cells as therapeutics. In these studies, clinical responses were observed in some patients and overall rates of relapse were reduced. For patients lacking an HLA-identical donor and for those with progressive disease, the use of HLA-haploidentical family donors is now increasingly considered to be a suitable alternative. However, many different protocols of T-cell-repleted haploidentical transplantation are ongoing and few data are available on the role of NK alloreactive donors in the presence of T cells in the graft and/or when GvHD prophylaxis is administered. The results of these studies are highly warranted to better elucidate the possible competition of NK and T cells and the role of immune suppressive drugs on NK cells *in vivo*.

###### 

**Clinical trials with expanded allogeneic NK cells in haploidentical SCT**.

  Diseases                                       Phase of trials       Cells                                             Combined therapy                               Institute
  ---------------------------------------------- --------------------- ------------------------------------------------- ---------------------------------------------- ----------------------------------------------
  High-risk solid tumors                         Ongoing phase 2       *Ex vivo* expanded NK cells                       Haploidentical HSCT, RIC and IL-2              Samsung Medical Center, Korea
  Hematological malignancies                     Ongoing               Phase-1 IL-2-activated NK cells                   Haploidentical HSCT and RIC                    Institut Paoli-Calmette, France
  Leukemia and myeloproliferative disease        Ongoing phase 1/2     Haploidentical HSCT, TBI and chemotherapy         *Ex vivo* expanded NK cells                    M.D. Anderson Cancer Center, USA
  ALL                                            Ongoing phase 2       K562-mb 15--41 BBL and IL-2 stimulated NK cells   Haploidentical HSCT and chemotherapy           National University Health System, Singapore
  AML and ALL                                    Ongoing phase 1/2     *Ex vivo* expanded                                NK-cells haploidentical HSCT                   Asan Medical Center, Korea
  Relapsed/refractory pediatric acute leukemia   Ongoing phase 2       Activated and expanded NK cells                   Haploidentical HSCT and salvage chemotherapy   Hospital Universitario La Paz, Spain
  Myelodisplastic syndrome and leukemia          Completed phase 1/2   IL-2-activated NK cells                           Haploidentical HSCT, chemotherapy and IL-2     M.D. Anderson Cancer Center, USA

Unrelated and matched SCT {#S3-2}
-------------------------

Unlike haploidentical SCT, the role of NK cell alloreactivity in the field of unrelated SCT is controversial, even though several studies have already investigated this setting (Table [2](#T2){ref-type="table"}). Some years ago Giebel et al. conducted a study involving 130 patients with hematological malignancies who underwent allogeneic SCT and received Cyclosporine, ATG and short-term methotrexate as GvHD prophylaxis. With a median follow-up of 4.5 years, the OS was 87% in patients with a KIR mismatch in the donor direction versus 48% in non-KIR-mismatched patients; disease-free survival (DFS) was 87% in the first group compared with 39% in the second one. Transplant-related mortality was 6% in the KIR-mismatched patients and 40% in non-mismatched patients ([@B13]). These results were not confirmed in studies published by other centers ([@B14], [@B15]), which showed a detrimental effect of KIR-L incompatibility, correlated with HLA mismatching. These controversial data demonstrated that the role of NK cells remains unclear in the setting of unrelated SCT. Several factors, such as post-transplantation immunosuppressive therapies, T-cell depletion, different stem cell sources and doses, may impact in this patient setting ([@B13]--[@B15]). In a group of donor-recipient pairs missing an inhibitory KIR-L, a beneficial role of alloreactive NK cells, transiently and randomly originated from donor stem cells, was observed ([@B16]). These cells expressed the inhibitory single KIR receptor that could not be blocked by the host cells. However, these alloreactive NK cells were not functional, thus corroborating the notion that NK cells must be educated and consequently armed by the presence of the appropriate inhibitory KIR-L ([@B17]). New data have been provided on the possible role of activating KIRs which are present on KIR B haplotypes. Cooley et al. showed that B haplotype, which is present in 60% of donors, is fundamental in preventing relapse while NK cell alloreactivity does not influence the outcome of a very large cohort of unrelated transplants ([@B18]). However, in the setting of T-cell-depleted haploidentical transplants, the presence of KIR B haplotypes is associated with reduced infection-related mortality in the group of patients transplanted from NK alloreactive donors without any impact on relapse ([@B19]).

###### 

**The most relevant papers reporting the impact of KIR-L mismatch in unrelated SCT**.

  Authors                      Survival   TRM            Relapse                                 GvHD                                                                         ATG
  ---------------------------- ---------- -------------- --------------------------------------- ---------------------------------------------------------------------------- -----
  Davies et al. ([@B14])       ↓          Not assessed   →                                       ↑[^a^](#tfnT2_1){ref-type="table-fn"},[^b^](#tfnT2_2){ref-type="table-fn"}   No
  Giebel et al. ([@B13])       ↑          ↓              ↓[^a^](#tfnT2_1){ref-type="table-fn"}   ↓[^a^](#tfnT2_1){ref-type="table-fn"},[^c^](#tfnT2_3){ref-type="table-fn"}   Yes
  Bornhäuser et al. ([@B15])   →          →              ↑                                       →                                                                            Yes
  Malmberg et al. ([@B17])     ↓          ↑              →                                       →                                                                            Yes

*^a^Trend, *P*-value between 0.05 and 0.09*.

*^b^GvHD grade II--IV*.

*^c^GvHD grade III--IV*.

Alloreactive NK Cells as Adoptive Immunotherapy {#S4}
===============================================

Natural killer cells have already been used as a means of adoptive immunotherapy beside the SCT setting ([@B16], [@B20]). These studies reported on the trafficking and body distribution of infused NK cells. Based on these preliminary data, NK cell selection for immunotherapy has recently been developed at clinical level ([@B21]). In 2005, Miller et al. published the results of a seminal study in which up to 1.5 × 10^7^/haploidentical NK cells/kg were safely infused in AML and cancer patients following Fludarabine/Cyclophosphamide (Flu/Cy) immunosuppressive chemotherapy; in this study some clinical responses without GvHD were observed. Circulating haploidentical NK cells were found up to 28 days after infusion, especially when exogenous interleukin (IL)-2 was given. *In vivo* expansion of NK cells was correlated with a high IL-15 serum concentration. In particular, 19 poor risk AML patients, together with 10 metastatic melanoma patients and 13 metastatic renal cell carcinoma patients received a cell population enriched in NK cells. Five out of 19 AML patients achieved CR, NK cell adoptive immunotherapy was well tolerated and no hematological toxicity was recorded. The maximum tolerated dose of NK cells was not achieved and GvHD was not observed despite the relatively high number of infused haploidentical T cells. However, it should be noted that NK cells were only partially purified after a single round of depletion of CD3^+^ cells which resulted in less than a 2 log reduction of T cells ([@B21]). A group of 10 low-risk pediatric AML patients were treated with haploidentical KIR--HLA mismatched NK infusion. All patients were alive at the 2-year follow-up. As compared to the adult trial by Miller's group, the median number of infused NK cells was significantly higher and NK cells were processed to obtain a highly purified cell population ([@B22]). We reported the results of a trial of NK cell-based adoptive immunotherapy in 13 AML patients, 5 with active disease, 2 in molecular relapse, and 6 in morphological CR. The median age was 62 years (range 53--73). Highly purified CD56^+^CD3^-^ NK cells from haploidentical KIR-ligand mismatched donors were infused after fludarabine/cyclophosphamide immunosuppressive chemotherapy. No signs of GvHD and/or NK cell-related toxicity were reported. As expected, patients with active disease had no clinical benefit. Interestingly, both patients in early molecular relapse achieved CR and three patients in CR were disease-free after a follow-up of 34, 32, and 18 months of follow up (Figure [1](#F1){ref-type="fig"}B). Infused NK cells were detected in the peripheral blood of all evaluable patients and in the BM in some cases. Importantly, infused NK cells were demonstrated *ex vivo* to be alloreactive by killing *in vitro* the recipient's cells, including leukemia ([@B5]). Several biological factors, both of recipient and donor origin, may be implicated in the therapeutic effect of NK cells after infusion into AML patients. Miller and collaborators recently reported on the critical impact of some components of the recipient immune response on the anti-leukemia activity of infused NK cells ([@B23]). In particular, they reported NK cell expansion correlates with the post-chemotherapy serum concentrations of some cytokines, such as IL-15 and IL-35, and the number of T regulatory cells (T~regs~) critically influences the capacity of infused NK cells to expand and to kill AML cells. The clinical relevance of these findings is supported by a better DFS in patients undergoing NK immunotherapy and depleted of T~regs~. As for the donor, it would be interesting to test whether the composition of the donor NK cell population may be correlated to a different clinical outcome. In particular, the frequency and the function of alloreactive NK cells may impact on the anti-leukemia capacity of infused NK cells. Moreover, the presence within the graft of different subsets of CD56^+^ cells, other than "classic" NK cells, should be evaluated in more detail and, possibly, correlated with the response to NK therapy. The manipulation of donor NK cell graft may represent an interesting approach to increase NK cell activity before infusion. This is a critical point since NK cell-based immunotherapy may be significantly hampered by the transient effector function of infused NK cells. In particular, *in vitro* priming with cytokines, such as IL-12, IL-18, and IL-15, has been reported. This treatment results in the expansion of the memory-like NK cell subset with enhanced functional properties ([@B24]) and more prolonged persistence in the host. ([@B25]). Recently, in a mouse tumor model a cytokine-based treatment resulted in enhanced anti-tumor activity via the reversal of NK cell anergy, which occurs in the presence of MHC-deficient tumors ([@B26]). Since HLA-loss is known to be a fundamental immune escape means for adaptive T-cell-mediated immune response ([@B27]), preventing NK-cell anergy may have important clinical implications for cancer immunotherapy.

Conclusions {#S5}
===========

Alloreactive NK cells have been emerging as a potent effector cell population against AML. The demonstration of a significant clinical activity of alloreactive purified NK cell infusion outside the transplantation setting represents a proof-of-principle for such an anti-leukemia effect, which has been clearly established in the context of haploidentical SCT. Altogether, these data highlight the pivotal role of NK cells for the development of novel immunological approaches in the clinical management of AML. Nevertheless, several biological issues still require full elucidation. In particular, a more in-depth evaluation of the impact that recipient- and donor-derived factors may have in influencing *in vivo* NK cell activity is an important point. The design of future NK cell-based clinical trials, both in the SCT and adoptive immunotherapy settings, should include a correlation between clinical results and biological outputs. Indeed, correlative biological studies may make it possible to identify those subsets of patients, who may really benefit from NK immunotherapy, in the attempt to tailor both pharmacological and immunological therapies to the patients' characteristics.
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